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We summarize the four tests of general relativity carried out using the ten binary black hole
signals detected by Advanced LIGO and Advanced Virgo and included in their first cata-
log, GWTC-1. These events provide unprecedented opportunities for testing the predictions
of general relativity for the gravitational waveforms from these highly dynamical, strong-field
events. The first two tests check the consistency of the residuals with noise and the consistency
of the low- and high-frequency parts of the signal. The other two tests check that parame-
terized deviations in the waveform model—including in the post-Newtonian coefficients—are
consistent with zero, and that the propagation of the waves is nondispersive. These tests re-
veal no evidence for deviations from general relativity, and the combined constraints improve
previous results by factors of up to 2.4. We also check that the binary black hole signals
observed by all three detectors do not give stronger constraints on alternative polarizations
than those obtained from GW170817.
1 Introduction
General relativity (GR) has been subjected to a wide variety of tests in its over 100 years of
existence 1. However, it is only in the past few years that we are able to test it in some of the
most extreme regimes in the Universe, the coalescences of compact binaries. This is possible
through the detection of gravitational waves from these systems by the Advanced LIGO 2 and
Advanced Virgo 3 detectors. In the first two observing runs of the advanced detector era, LIGO
and Virgo detected significant signals from ten binary black hole coalescences and one binary
neutron star coalescence, given in their first catalog, GWTC-1 4,5. Here we will discuss the tests
of general relativity performed using those ten binary black hole coalescences. These results
are given in a detailed paper 6 (later referred to as “the main paper”), which we summarize
here. The tests of general relativity performed by the LIGO and Virgo collaborations using the
binary neutron star coalescence GW1710817 and its electromagnetic counterparts are described
in other papers 7,8.
The binary black hole events provide very clean laboratories with which to test general
relativity in the highly dynamical, strong-field regime. Indeed, observations of compact binary
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Table 1: The GW events considered in this paper, separated by observing run. The first block of columns gives
the names of the events and lists some of their relevant properties obtained using GR waveforms (luminosity
distance DL and source frame total mass Mtot). The middle column gives the signal-to-noise ratio (SNR) from
the matched filter analysis with GR waveforms. The last block of columns indicates which GR tests are performed
on a given event: RT = residuals test (Sec. 4); IMR = inspiral-merger-ringdown consistency test (Sec. 5); PI &
PPI = parameterized tests of GW generation for inspiral and post-inspiral phases (Sec. 6); MDR = modified GW
dispersion relation (Sec. 7). The events with bold names are used to obtain the combined results for each test.
Adapted from Table I in the main paper.
Event
Properties
SNR
GR tests performed
DL Mtot RT IMR PI PPI MDR
[Mpc] [M]
GW150914 430+150−170 66.2
+3.7
−3.3 25.3
+0.1
−0.2 3 3 3 3 3
GW151012 1060+550−480 37.3
+10.6
−3.9 9.2
+0.3
−0.4 3 – – 3 3
GW151226 440+180−190 21.5
+6.2
−1.5 12.4
+0.2
−0.3 3 – 3 – 3
GW170104 960+440−420 51.3
+5.3
−4.2 14.0
+0.2
−0.3 3 3 3 3 3
GW170608 320+120−110 18.6
+3.1
−0.7 15.6
+0.2
−0.3 3 – 3 3 3
GW170729 2760+1380−1340 85.2
+15.6
−11.1 10.8
+0.4
−0.5 3 3 – 3 3
GW170809 990+320−380 59.2
+5.4
−3.9 12.7
+0.2
−0.3 3 3 – 3 3
GW170814 580+160−210 56.1
+3.4
−2.7 17.8
+0.3
−0.3 3 3 3 3 3
GW170818 1020+430−360 62.5
+5.1
−4.0 11.9
+0.3
−0.4 3 3 – 3 3
GW170823 1850+840−840 68.9
+9.9
−7.1 12.1
+0.2
−0.3 3 3 – 3 3
coalescences are at present our only way of probing gravity in such regimes. These binaries
reach speeds of roughly 0.5c close to merger (see, e.g., Fig. 2 from the GW150914 detection
paper 9) and have spacetime curvature scales at least as small as ∼ 14 km.a These binary black
holes are also at very large distances compared to their orbital separations (factors of & 1020,
considering the evolution since the binary enters the LIGO/Virgo band), which makes these
signals an excellent place to test propagation effects like dispersion.
In the absence of detailed calculations of gravitational waveforms from binary black holes
in alternative theories of gravity (that give different predictions from GR), we perform null
tests, either looking for residual signals after subtracting the best-fit GR waveform, checking for
consistency of different parts of the signal, or looking for deviations from the GR predictions
for waveform coefficients or in the GR predictions for nondispersive propagation of gravitational
waves.
2 Events
We list the events we consider in Table 1. In order to check agreement with general relativity
for events with somewhat low significance (to see if this can explain why they are less significant
than other events), we set a relatively low threshold of a false-alarm rate (FAR) of less than
one per year in any of the three detection pipelines considered in the GWTC-1 paper 4: two
modeled pipelines11,12,13,14,15, which use GR waveforms, and one weakly modeled pipeline16,17,18,
which assumes a chirping signal but no specific GR predictions. The weakly modeled pipeline
would likely pick up a sufficiently strong signal that differed from GR predictions, even if it
was downweighted by the GR signal consistency tests in the modeled pipelines. However, to
aThis curvature scale is obtained from the inverse fourth root of the Kretschmann scalar at the horizon of the
individual black hole with the lowest 90% credible level upper bound on its mass (8.9M, for the lighter black
hole in the source of GW170608). We use the Schwarzschild value to be conservative—spinning black holes have
more strongly curved spacetime for a given total mass, but only by at most a factor of ∼ 3 by this measure. See,
e.g., Eq. (5.47) in Poisson’s textbook 10 for the expression for the Kretschmann scalar for Kerr black holes.
obtain our combined results, we only consider very confident events, with FARs less than one
per thousand years in both modeled pipelines.
Additionally, we are not able to perform every test on each event: While the residuals
and propagation tests are applicable to every event, the consistency test of the low- and high-
frequency parts of the signal requires there to be sufficient signal-to-noise ratio (SNR) in both
parts of the signal. For the tests of waveform coefficients, one again needs sufficient SNR in
either the low- or high-frequency part of the signal to check the coefficients describing those
regimes. We chose an SNR of 6 in either the low- or high-frequency part of the signal as the
threshold (defining low- and high-frequency appropriately for each test, as discussed in the main
paper), and show the events for which one can apply these tests in Table 1.
When combining together these results, we follow the spirit of our null test and combine the
results assuming that GR is correct (e.g., multiplying together posterior probability distributions
from the various events for the tests that produce these). As discussed in the main paper and
elsewhere 19, this is a strong assumption, except in the case of the propagation constraints,
where the dependence on the distance to the source is accounted for in the application of the
test. However, as shown in 20 this way of combining together results can detect some deviations
from GR that are not the same for every signal. There are also recent proposals for how to
combine together results without such assumptions 21 that may be used in the future.
3 Waveforms and inference
All of the tests of GR we consider rely on having accurate predictions for the gravitational
waveforms from binary black holes in GR. One needs full numerical simulations to accurately
describe the waveforms from the late inspiral and merger of these systems22. However, such sim-
ulations are very computationally expensive, and cannot be run for long enough to describe the
full signal in the LIGO/Virgo band except for sufficiently massive systems. One thus constructs
fast-to-evaluate model waveforms that use perturbation theory results (notably post-Newtonian
theory to describe the inspiral 23) and are calibrated to the results of numerical simulations.
We use the IMRPhenomPv2 natively frequency domain precessing waveform model 24,25
for the primary results in this paper and use the SEOBNRv4 aligned-spin model 26 to perform
checks of waveform systematics (this is a reduced order model of the natively time-domain
effective-one-body model). While there is a precessing effective-one-body waveform model used
to estimate the parameters of the GWTC-1 binary black hole systems 4, it does not yet have a
reduced order model, making it too slow to be used for most of the tests we consider. While
there is physics missing from these waveform models (notably double-spin precession, higher
modes, and eccentricity), we see no evidence in these tests that this missing physics is needed to
describe the signals we observe to the accuracy allowed by the noise. As discussed in the main
paper, waveform models including these additional effects are now available or being developed
and will be used in future applications of these tests of GR.
We estimate the parameters describing the binaries and any additional non-GR parameters
in the framework of Bayesian inference using the LALInference code 27 in the LIGO Scientific
Collaboration Algorithm Library Suite (LALSuite) 28. We estimate the noise power spectral
density using the BayesWave code 29,30, as described in Appendix B of 4.
4 Residuals test
The first test we consider checks whether the residual remaining after subtracting the maximum
likelihood GR waveform (from the analysis in 4) is consistent with detector noise. We do this by
calculating the SNR of the residuals using the BayesWave code, which describes the signal in
the detectors as a sum of incoherent Gaussian noise and an elliptically-polarized coherent signal.
We then compare the 90% credible upper limit on the SNR from BayesWave to the distribution
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Figure 1 – (Left) Survival function (p = 1 − CDF) of the 90%-credible upper limit on the noise-only network
SNR (SNR90) for each event (solid or dashed curves), compared to the measured residual values (vertical dotted
lines). For each event, the value of the survival function at the measured SNR90 gives the p-value (markers). The
colored bands correspond to uncertainty regions for a Poisson process and have half width ±p/√N , with N the
number of noise-only instantiations that yielded SNRn90 greater than the abscissa value. (Right) Results of the
inspiral-merger-ringdown consistency test for the selected BBH events (see Table 1). The main panel shows 90%
credible regions of the posterior distributions of (∆Mf/M¯f ,∆af/a¯f), with the cross marking the expected value
for GR. The side panels show the marginalized posteriors for ∆Mf/M¯f and ∆af/a¯f . The thin black dashed curve
represents the prior distribution, and the grey shaded areas correspond to the combined posteriors from the five
most significant events (as outlined in Sec. 2 and Table 1). Both figures are reproduced from the main paper.
of SNRs obtained from applying the same analysis to 200 different sets of noise-only detector
data near each event. This distribution lets us compute a p-value from the residuals SNR. The
results are shown in Fig. 1. We find that the p-values are at least 0.07 (this smallest value
is for GW170608), and the meta p-value (checking that the individual p-values are uniformly
distributed) computed using Fisher’s method 31 is 0.4. Thus, there is no statistically significant
evidence for deviations from GR.
5 Inspiral-merger-ringdown consistency test
The inspiral-merger-ringdown consistency test 32,20 checks if the final mass and spin inferred
from the low- and high-frequency parts of the signal are consistent. By the stationary phase
approximation, the low- and high-frequency parts of the signal roughly correspond to the inspiral
and post-inspiral (merger-ringdown) parts of the signal, hence the name. The final mass and
spin are used for this test because they are generally well-determined quantities, particularly
from the merger-ringdown part. The split between the low- and high-frequency parts of the
signal is given by the dominant gravitational wave frequency associated with the innermost
stable circular orbit of the final black hole (i.e., twice the orbital frequency), using the analysis
on the full signal from 4.
The analysis applies the same waveform models to the low- and high-frequency parts of
the signal, just changing the frequencies over which the likelihood integral is computed, and
uses the same fits to numerical relativity simulations to obtain the final mass and spin from
the initial masses and spins that parameterize the waveform model. The differences between
the two estimates of the same quantities are normalized by the average of the estimates to
give scaled quantities that are used when combining together results: ∆Mf/M¯f := 2 (M
insp
f −
Mpost-inspf )/(M
insp
f +M
post-insp
f ) and ∆af/a¯f := 2 (a
insp
f −apost-inspf )/(ainspf +apost-inspf ). The results
are presented in Fig. 1, and all events are consistent with GR, with the GR value being recovered
at the ≤ 80% credible level—the largest value is for GW170823. The analysis with SEOBNRv4
produces similar results.
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Figure 2 – (Top left) 90% upper bounds on the absolute magnitude of the GR-violating parameters δϕˆn, from
−1PN through 3.5PN in the inspiral phase. At each PN order, we show results obtained from each of the
events listed in Table 1 that cross the SNR threshold in the inspiral regime, analyzed with IMRPhenomPv2.
Bounds obtained from combining posteriors of events detected with a significance that exceeds a threshold of
FAR < (1000 yr)−1 in both modelled searches are shown for both analyses, using IMRPhenomPv2 (filled di-
amonds) and SEOBNRv4 (empty diamonds). (Top right) 90% upper bounds on deviations |δϕˆn| in the PN
coefficients obtained from GW170817 using the extensions of the IMRPhenomPv2 and SEOBNRv4 models to
include tidal effects. (Bottom) Combined posteriors for parametrized violations of GR, obtained from all events
in Table 1 with a significance of FAR < (1000 yr)−1 in both modeled searches. The horizontal lines indicate
the 90% credible intervals, and the dashed horizontal line at zero corresponds to the expected GR values. The
combined posteriors on ϕi in the inspiral regime are obtained from the events which in addition exceed the SNR
threshold in the inspiral regime (GW150914, GW151226, GW170104, GW170608, and GW170814), analyzed with
IMRPhenomPv2 (grey shaded region) and SEOBNRv4 (black outline). The combined posteriors on the inter-
mediate and merger-ringdown parameters βi and αi are obtained from events which exceed the SNR threshold in
the post-inspiral regime (GW150914, GW170104, GW170608, GW170809, GW170814, and GW170823), analyzed
with IMRPhenomPv2. Figures are reproduced from the main paper and the GW170817 testing GR paper.
6 Parameterized test of gravitational wave generation
This test considers parameterized deviations of various coefficients describing the (frequency-
domain) phase of the aligned-spin IMRPhenomD waveform model that underlies IMRPhe-
nomPv2, and checks that these deviations are consistent with zero 33. In particular, it considers
deviations in all the post-Newtonian (PN) coefficients ϕi present in the waveform model [through
3.5PN, or O(v7), where v is the binary’s orbital speed], as well as the possibility for terms at
−1PN and 0.5PN, which would be associated with dipole radiation. The test also considers
deviations in the phenomenological coefficients βi and αi describing the intermediate frequency
and merger-ringdown portions of the model, respectively. The deviation parameters are denoted
by δpˆi, where p ∈ {ϕ, β, α} and are fractional deviations in all cases except for the −1PN and
0.5PN coefficients, which are zero in GR.
The results are shown in Fig. 2, along with the bounds on deviations in the PN coefficients us-
ing GW1708178, for comparison. The GW170817 results are obtained using tidal extensions34,35
to IMRPhenomPv2 and SEOBNRv4. The SEOBNRv4 constraints on the PN coefficients are
obtained by tapering the deviation above the end of the inspiral in the IMRPhenomD model,
while the IMRPhenomPv2 results are obtained by letting the change to the PN coefficient af-
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Figure 3 – (Left) 90% credible upper bounds on the absolute value of the modified dispersion relation parameter
Aα. We show results for positive and negative values of Aα separately. Specifically, we give the updated versions of
the results from combining together GW150914, GW151226, and GW170104, as well as the results from combining
together all the events meeting our significance threshold for combined results (see Table 1). Picoelectronvolts
(peV) provide a convenient scale, because 1 peV ' h×250 Hz, where 250 Hz is roughly around the most sensitive
frequencies of the LIGO and Virgo instruments. (Right) Violin plots of the full posteriors on the modified
dispersion relation parameter Aα calculated from the combined events, with the 90% credible interval around the
median indicated. Figures reproduced from the main paper.
fect the rest of the waveform by the C1 matching used to construct the waveform model. These
results thus check for possible systematics in the way of adding the deviations as well as in the
waveform modeling. The results are all consistent with GR, and the combined results improve
previous results by factors between 1.1 and 1.8.
7 Parameterized test of gravitational wave propagation
The phenomenological dispersion relation E2 = p2c2 + Aαp
αcα (where E and p are the energy
and momentum of the gravitational waves and Aα and α ≥ 0 are phenomenological coefficients)
can describe several possible extensions of the dispersion relation in GR (Aα = 0), including
a massive graviton (α = 0, A0 > 0) and various Lorentz-violating phenomenologies
36,37. This
dispersion relation leads to dispersive propagation of the waves (and thus an observable phase
shift) in all cases with Aα 6= 0 except for α = 2, where it just rescales the speed of propagation
with no dispersion. As discussed in the main paper, it is reasonable to take the waveform that
would be observed near the source to be given by the GR waveform to good accuracy, and thus
the only modifications to the waveform are those from the propagation governed by the modified
dispersion relation.
We present the results in Fig. 3, finding no indication for dispersive propagation. The
individual constraints improve previous results (from the GW170104 paper 38) by up to a factor
of 2.4. In particular, we improve our previous constraint on the graviton mass by a factor of
1.5, to mg ≤ 5.0 × 10−23 eV/c2 (90% credible level), slightly better than the complementary
Solar System constraint using the Yukawa potential of mg ≤ 6.76×10−23 eV/c2 (90% confidence
level) 39. The constraints on modified dispersion obtained from GW170817 8 are not as stringent
as the ones from binary black holes, since the source of GW170817 is much closer.
8 Constraints on alternative polarizations
For sources observed with three detectors, it is possible to distinguish signals with purely tensor
polarizations from those with purely vector or purely scalar polarizations, due to the detectors’
different antenna pattern for the different polarizations40. One computes the Bayes factors com-
paring purely tensor polarizations to purely vector or purely scalar polarizations and finds that
purely tensor polarizations is indeed preferred, as predicted by GR. By far the best constraints
(Bayes factors > 1020 in favor of purely tensor polarizations) come from GW170817, with its pre-
cise sky localization from the optical counterpart 8. However, the binary black hole signals still
clearly favor purely tensor polarizations, with GW170814 and GW170818 giving Bayes factors
of a few tens and hundreds in favor of purely tensor polarizations versus purely vector or scalar
polarizations, respectively. The other binary black holes detected with all three detectors do not
have a high enough SNR and/or good enough sky localization to provide relevant information.
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